For the purpose of understanding the mechanism of high-temperature embrittlement, especially in the heat-affected zone of B-bearing lowcarbon alloy steel, the role of B addition is studied in terms of grain-boundary segregation and nitride precipitation of B. BN precipitates at the prior austenite grain boundary are supposed to be the dominant cause of the embrittlement of steel when tensile stress is applied at 600°C, followed by heat cycle of welding, where a fire environment is simulated. After hot rolling, followed by reheating to 600°C for a tensile test, intragranular TiN is changed to intergranular BN at the prior austenite grain boundary after reheating to 600°C following the heat cycle of welding. Consequently, the grain-boundary fracture takes place in the specimens that are subjected to the heat cycle of welding when tensile stress is applied after reheating to 600°C because the intergranular BN leads to the formation of cavity along the prior austenite grain boundary. This mechanism is experimentally verified by the fact that high-temperature embrittlement can be prevented by either the addition of Zr or the addition of more Ti, which may fix nitrogen to a more stable nitride state and inhibit the dissolution of nitride during welding heat cycle.
Introduction
The use of steel materials having excellent high-temperature strength is considered as one of the construction methods for preventing building structures from collapsing in the event of fire hazard. These steel materials, known as fireresistant steels, are required to have stable deformation behavior at high temperatures as the one of their essential properties, including heat-affected zones. This means that it is necessary to prevent embrittlement in addition to ensuring high-temperature strength. Cracking in steel at high temperatures during the process of continuous casting has been previously discussed by Suzuki et al., 1) which is a case of high-temperature embrittlement caused by either the grainboundary segregation of alloy elements or the grain-boundary precipitation at 6001000°C.
On the other hand, a similar case of high-temperature embrittlement that occurs in heat-affected zones is known as SR (Stress Relief ) embrittlement, which takes place during post welding heat treatment (PWHT) in the heat-resistant steel. However, there is a difference in that external stress at high temperature is not be applied to heat-affected zones in the case of PWHT, whereas it can be applied to heat-affected zones in the case where fire-resistant steels are used. Concerning SR embrittlement, in the research of Meitzner et al.,
2) Naiki et al. 3) and Ito et al., 4) they attribute the underlying embrittlement mechanism to the matrix hardening that is mainly caused by precipitates. Accordingly, they have proposed the transgranular precipitates, which increase the matrix strength and also cause grain-boundary strength to diminish relatively. Hence, the concentrated deformation on the grain boundary generates a grain-boundary slide, which leads to grain-boundary embrittlement. The precipitates are principally carbides, which comprise of alloy elements such as V, Cr, Mo, Nb and Ti. These carbides are assumed to contribute to the high-temperature strength of heat-resistant steel.
The above-mentioned knowledge is essential for understanding the mechanism of high-temperature embrittlement taking place during PWHT. Although alloy elements are expected to segregate to grain boundaries and trigger hightemperature embrittlement, no regard for grain-boundary segregation has been given in this mechanism. In addition, many points still need to be elucidated in terms of the relationship between high-temperature embrittlement and the states of alloying elements, such as intergranular/ intragranular precipitates and grain-boundary segregation. Particularly, in the present research, the heat-affected zones are focused under a building fire condition. Therefore, the thermal history ranges from simple cooling after hot rolling in production process through the welding heat cycle at the time of structural body assembly, to the rising temperature due to the occurrence of fire. Hence, in consideration of the above history, the dominant factors governing high-temperature embrittlement in heat-affected zone under stress need to be elucidated by evaluating the influences of intragranular/ intergranular precipitations, grain-boundary segregation, including the changes over time.
Moreover, as stated above, the heat-affected zone targeted by the present research lies in a structural body that is under stressed conditions. Therefore, the question centers on the matter of embrittlement behavior when more stress is gradually applied under increased temperatures®for example at 600°C. This is greatly different from SR embrittlement. In addition, no examples of previous research into embrittlement behavior at high temperatures in the above mentioned conditions were found. With regard to a similar action, slab cracking due to stress during the continuous casting process of steel can be offered as an example, and there has been much research into this, including the research done by Suzuki et al. 1) as mentioned above. However, the conditions of the thermal history, stress and other factors largely differ. Accordingly, the present research is presumed to be the first instance in which the above questions have been addressed.
The present research focused on the high-temperature embrittlement under the applied stress while reheating the heat-affected zones of B-added low-carbon alloy steel. The objective of the present research is to clarify the mechanism of how the alloy elements affect the high-temperature embrittlement in heat-affected zones, assuming the occurrence of building fire.
Experimental Procedure
A bloom of approximately 50 kg was prepared by vacuum melting method with a chemical composition as shown in Table 1 , followed by homogeneous heat treatment at 1100°C. The primary steel plate with a thickness of 100 mm was then produced by hot rolling. Subsequently, the plate was reheated to 1300°C for 60 min and hot rolled to a thickness of 15 25 mm. The hot rolling was performed with a reduction per pass of 1030% and the finish rolling was done by a reduction of 15% at a temperature of 840°C.
After rolling, the steel plate was air cooled to room temperature. The microstructure of specimen is low carbon bainite, as shown in Fig. 1 . The mechanism of hightemperature strength is separately discussed in the next paper; however, Nb is utilized for high-temperature strength by maintaining the bainitic structure even at 600°C in order to keep the strength at this temperature.
Tensile bar specimens in the rolling direction with a size of 10 mm L and 6 mm º and 10 mm R in parallel part were prepared as shown in Fig. 2(a) . The specimens were then subjected to a simulated welding heat cycle with rapid heating to 1400°C, followed by rapid cooling. The highfrequency induction heater, Thermorester μ , with cooling device by blower was used, as shown in Fig. 2 . After welding simulation, the test pieces were reheated to 600°C at a heating rate of 1°C s ¹1 and maintained for 600 s. Subsequently a tensile test was performed at this temperature with a constant increase of stress®in other words, 0.5 MPa s ¹1 . The tensile test was terminated at the point of fracture. The stress strain relationship and the reduction of area were measured. In addition, the fractured surfaces were observed using the SEM method, and sectional microstructure observations were made in the vicinity of fractured face by optical microscopy.
The heat cycle comprising rapid heating and rapid cooling described above simulated a welding situation, whereas the subsequent heating and stress application at 600°C simulated a fire situation. In addition, within welding heat cycle, most of the carbides and nitrides existing in the as-rolled stage are expected to be dissolved and then frozen in solid solution.
They are supposed to precipitate again during the subsequent reheating to and maintaining at 600°C.
In particular, the reheating temperature in the present experiment was limited to 600°C in order to reveal the behavior of high-temperature embrittlement more clearly. Furthermore, 600°C is a typical temperature for evaluating the performance of fire-resistant steel. For the purpose of comparison in terms of the influence of welding heat cycle on high-temperature embrittlement, the hot-rolled material without welding simulation was subjected to a tensile test at 600°C to clarify the mechanism.
Experimental Results

3.1
The influence of the welding heat cycle on hightemperature embrittlement In order to clarify the effects of the heat-treatment conditions on the reduction of area in the high-temperature tensile test, the tensile test was performed at 600°C using two Table 1 Chemical compositions of steel used (mass%). types of steel: as-rolled steel to which heat treatment simulating a welding heat cycle was not applied, and asrolled steel to which a heat treatment simulating a welding heat cycle was applied. The two specimens were then reheated and held at 600°C. Figure 3 shows that in the asrolled steel, the average reduction of area in the three specimens indicated a high value of 93%. On the other hand, in the steel with simulated welding heat cycle, the reduction of area drastically fell to 25%. Furthermore, in the tensile test, which was conducted using three samples of each respective specimen, where the elapsed time was varied, during cooling, in the range of 1090 s between 800 and 500°C, after rapid heating at 1400°C and at the seven test levels in which the holding time at 600°C was varied between 300 to 900 s, the reduction of area after fracture was similarly low and in the 1040% range, irrespective of the abovementioned elapsed time and holding time.
Fracture patterns of the embrittled specimens
The SEM observations revealed that the fracture pattern of the as-rolled steel was dominated by transgranular cracking (ductile fracture). In contrast, the fracture pattern of the steel with simulated welding heat cycle was dominated by intergranular cracking, as shown in Fig. 4 . In addition, on the basis of the observations made using optical microscopy, it is evident, as shown in Fig. 5 , that the sectional microstructure in the vicinity of the fractured face had cracks developing along the previous austenite grain boundary, which had a grain size of 200500 µm. The embrittlement at 600°C turned out to due to the intergranular cracking along the prior austenite grain boundary, and it was revealed for the first time that the welding heat cycle to 1400°C worsened the embrittlement at 600°C remarkably. When the heat treatment simulating a welding heat cycle was applied to the as-rolled steel, the dissolution of precipitates was expected, resulting in the change of the fracture pattern from transgranular cracking to intergranular cracking. This is presumed to be owing to the significant segregation and precipitation in the prior austenite grain boundary when the steel were initially subjected to the welding heat cycle to 1400°C and reheating to 600°C, where the tensile stress is applied. In this respect, a detailed investigation into precipitates in the prior austenite grain boundary was attempted with SEM and EDX. However, no obvious conclusions could be drawn owing to the effects of oxidation resulting from fracture at high temperature, limited space resolutions in the SEM observation, EDX analysis and other factors. Accordingly, on the basis of assumed metallurgical aspects, the mechanism of high-temperature embrittlement is discussed in the next Chapter.
4. Discussion 4.1 Influence of alloy elements on grain-boundary segregation According to Nakajima, 5) the mechanism of intergranular embrittlement at high temperature is classified into two types: (i) nucleation/propagation of wedge-shaped cracks due to grain-boundary slide, (ii) nucleation/growth/incorporation of grain-boundary cavities due to intergranular precipitates. The former triggers embrittlement due to grain-boundary slides facilitated by alloy elements that segregated to the prior austenite grain boundary. The latter triggers embrittlement due to grain-boundary decohesion caused by cavities created from precipitates, such as carbides and nitrides on the grain boundary, which are presumably once segregated by alloy elements. The cavities then grow and are incorporated by external stress. Accordingly, in either case, it is suggested that grain-boundary segregation is related to embrittlement.
If the austenite grain-boundary segregation is assumed to be a dominant factor for embrittlement, it is important to estimate the extent of such segregation. The main segregated element in the present experiments is B, and hence it is necessary to estimate the amount of segregation to the prior austenite grain boundary. Such a measurement was done by Shigesato et al. 6) who showed that the maximum concentration of segregated B to the prior austenite grain boundary is 9 at% when low carbon steel with N fixed by Ti and the addition of B of 11 mass ppm is reheated to 950°C, followed by cooling to 650°C at the rate of 30°C s ¹1 , which is then followed by rapid cooling to room temperature. The value of 9 at% of B in the prior austenite grain boundary indicates the segregation of B around 10 3 times. This value markedly coincides with the concentration reported by Hondros. 7) Assuming that this relation holds true for a multicomponent system, the grain-boundary segregation energy that B has in the austenite phase can be calculated from eq. (1). It is estimated to be approximately 60 kJ mol ¹1 . According to the previous research, the grain-boundary segregation energy of B was measured to be 5797 kJ mol ¹1 8¹10) by SIMS, autoradiograpy and Auger electron spectroscopy. Therefore, it was substantially similar even when these values were compared.
In this case, the temperature and grain-diameter dependency of the degree of grain-boundary segregation can be obtained from eq. (2), regarding the grain-boundary/matrix concentration balance, and eq. (3), 11) regarding McLean grain-boundary segregation. The results of these calculations are shown in Fig. 6 . In the heat treatment simulating a welding heat cycle shown in Fig. 6 , B has an extremely high-segregation ratio between 0.1 and 0.3, when the temperature of the austenite ranges from 550 to 800°C, at which it is assumed that bainite begins to transform from austenite. Therefore, B is highly likely to segregate to the prior austenite grain boundary. In addition, as shown in Fig. 6 , under the assumed condition of an austenite grain diameter of 500 µm and an average concentration of B of 0.1 at% (approximately 0.002 mass%), the segregation is calculated to be at least approximately five times more than the average concentration in the temperature range of 1000°C and beyond, and at least 10 times more than the average concentration in the temperature range of 600 to 800°C. Moreover, according to the experimental results by Hara et al., 12) when the addition of Nb is extremely low at a C concentration of 0.016%, as in the steel in the present study, it is considered that it is very less likely for Fe 23 (CB) 6 to form in the austenite phase. Therefore, it is evident that the grain-boundary segregation of B is expected in the prior austenite grain boundary of the steel of present study. However, it is generally known that grain-boundary segregation of B improves grain-boundary strength and conversely limits intergranular embrittlement. 13 ) Therefore, it is suggested from these analyses that some change in the state of B, before and after the welding heat cycle, must play an important role in the embrittlement. This will be discussed in detail later. In addition to B, it is known that P and S may also exceptionally segregate on the austenite grain boundary in a way that embrittles the grain boundary. 7) How these elements affect the grain boundary is analyzed below. First, the grainboundary segregation of P will be discussed. Although the concentration of P is evaluated with the steel discounted to 0.010% in order to control embrittlement behavior owing to the segregation of P, it cannot be concluded that P does not affect embrittlement. It was found that there is no evident high-temperature embrittlement, as indicated by the reduction of area of 93% on an average, when the tensile test was conducted by using the as-rolled steel reheated to 600°C® though P is supposed to be segregated, to some extent, to the prior austenite grain boundary. Therefore, it is considered that grain-boundary embrittlement is unlikely to be triggered by P that segregates on the austenite grain boundary. Moreover, regarding S, similar to P, in addition to the fact that the concentration of S in the present steel is limited to a relatively low value of 0.004%, the concentration of Mn as a sulfide former is 1.54%. Therefore, it is considered that MnS is formed in the high-temperature range where the liquid phase coexists with the austenite phase, and hence the concentration of S in solid solution in the solid phase will be extremely low. Hence, it is presumed that even S only slightly segregates on the austenite grain boundary. Furthermore, no MnS is dissolved, even when the sample was heated to 1400°C, and it remained unchanged from the as-rolled steel. As a result, it is presumed that S under solid solution remains substantially unchanged from the as-rolled condition. Furthermore, it is believed that S is not likely to be a cause of the grainboundary embrittlement.
4.2 Study of the mechanism of grain-boundary embrittlement due to intergranular precipitation of nitrides The predicted precipitates in the present research, which were calculated under equilibrium condition among Ti(C, N), NbC and BN, are shown in Fig. 7 . This figure shows the molar fraction of the precipitates as a function of temperature for the steel with 0.01C0.15Si1.55Mn0.04Nb0.01Ti 0.0010B0.0030N, where, Thermo-Calc ver.S (database: TCFE5) was used. When it is assumed that cooling will occur from a high-temperature region, TiN starts precipitating at approximately 1400°C, and the amount gradually rises as the temperature declines. Then, BN starts forming at approximately 1050°C, and continues to form as the temperature becomes still lower. The reaction: TiN + B ¼ BN + Ti (the underline denotes the condition in solid solution) progresses, and when the amount of precipitated BN rises, the amount of precipitated TiN diminishes. Assuming that grain-boundary segregation of B in the austenite region is remarkable even with the slight addition of Ti, it is predicted that the TiN mainly precipitates in the grain interior and the BN precipitates in the grain boundary. Accordingly, it takes time for N to diffuse from the grain interior to the grain boundary and enable the reaction: TiN + B ¼ BN + Ti to advance to equilibrium. The average diffusion distance of N at 8001050°C, at which temperature BN is assumed to be in stable equilibrium conditions, is 17 © t 1/2 µm (the diffusion of N in austenite is calculated 14) from D 0 = 3.6 © 10 ¹5 m 2 s
¹1
, Q = 157 kJ mol ¹1 and the diffused distance (2tD 0 exp(¹Q/RT)) 1/2 ). Assuming that the austenite grain size in the same temperature region as that in the hot rolling is in the order of 10 2 µm, the diffusion of N from the grain interior to the grain boundary is estimated to be insufficient. In addition to the diffusion of N, the reaction, TiN + B ¼ BN + Ti is presumed to need a kinetic effect in order for the dissolution reaction of TiN to occur.
From the above, in the hot rolling process of practical steel, the diffusion and dissociation of N from TiN are inadequate to reach equilibrium, so the increase in BN or decrease in TiN is considered to be insignificant.
On the other hand, when a heat cycle of rapid heating to 1400°C is applied, TiN dissolves during heating and is then frozen in that state by the rapid cooling. However, B segregates to the austenite grain boundary while the material is cooled before bainite transformation begins. Subsequently, when the material is reheated to 600°C because of the It is presumed that the precipitated BN formed on the grain boundary acts as the nucleation site of the intergranular cavities such that embrittlement is promoted.
According to the results of the above experiments and calculations, a schematic presentation of the embrittlement mechanism is shown in Fig. 8 . When as-rolled steels with precipitated TiN in the grain interior are reheated to 600°C, the reaction: TiN + B ¼ BN + Ti, does not proceed entirely. This is because the diffusion distance of N is an insignificant 5.4 © t 1/2 µm (diffusion of N in ferrite is calculated 14) from D 0 = 1.13 © 10 ¹6 m 2 s ¹1 , Q = 83.0 © (1 ¹ 14.03/T) kJ mol ¹1 and the diffusion distance (2tD 0 exp(¹Q/RT)) 1/2 , although the reaction TiN + B ¼ BN + Ti is thermodynamically stable. In addition, the transition from TiN ¼ BN requires the dissociation of TiN, and it takes time for this reaction to progress. Meanwhile, B is not expected to precipitate as a compound, but rather, it segregates on a prior austenite grain boundary and maintains a state of solid solution without lowering the grain-boundary strength. As a result, when tensile deformation is applied, the specimen fractured with a high reduction of area. In such cases, a ductile fracture within a grain interior is dominant.
On the other hand, when the welding heat cycle is subjected to as-rolled specimen, precipitates such as carbides and nitrides in steel are dissolved and frozen in that state by the rapid cooling after heating to 1400°C. Moreover, B is expected to segregate on an austenite grain boundary while cooling before bainite transformation begins. Subsequently, when the specimen is reheated and held at 600°C, BN, which is thermodynamically more stable than TiN, forms and hence the reaction: N + B ¼ BN progresses. Therefore, BN is supposed to precipitate on the prior austenite grain boundary where B had previously segregated. Consequently, it is presumed that when tensile deformation is applied, the BN that has precipitated on the grain boundary functions as the nucleation sites of the cavities, which incorporates/grows and thus develops into intergranular cracking.
Verification of the intergranular embrittlement
mechanism and study of how to control embrittlement In order to verify that intergranular embrittlement is caused by the precipitation of BN on the prior austenite grain boundary when reheating and maintaining a sample at 600°C after a heat cycle to 1400°C, the embrittlement behavior was studied by using steel with a composition such that nitrides are not dissolved even when a heat cycle to 1400°C was applied. Specifically, a laboratory assessment was additionally performed on the embrittlement behavior using two types of compositions, one in which Zr forms nitride more readily than Ti, was added, and one in which the amount of Ti added was increased. The compositions of the steels are shown in Table 2 . Embrittlement behavior was assessed by applying the same treatment used in the experimental method to the steels with their respective amounts of Zr and Ti. Figure 9 shows the results, which were calculated using ThermoCalc of the nitride formation behavior under equilibrium in the sample where Zr was added. Zr is one element that very readily forms nitride, which results in the formation of liquid phase. To avoid the presence of N in solid solution through the formation of Zr nitrides, it is necessary to add Zr of at least 0.013 mass% when N has a concentration of 0.002 mass%. In the view of the N content scatter in the practical steels, it is judged that if at least 0.030 mass% of Zr is added, ZrN can stably exit without being dissolved, even when a heat cycle to 1400°C is applied to the specimen after hot rolling. In addition, it is thought that Ti will as readily form nitride as Zr. However, increasing the amount of Ti tends to narrow the zone where BN can stably exist at a temperature around 600°C. As in the case of Zr, in order to prevent the dissolution of TiN around a temperature of 1400°C, the increase in the amount of Ti added becomes necessary. Figure 10 shows that addition of at least approximately 0.05% is necessary to stabilize TiN at temperatures as high as 1400°C. The changes in the calculated molar fraction of the stable nitrides and carbides as a function of temperature are shown in Fig. 10 for two kinds of steel®one with Ti concentration of 0.021 mass% and another with 0.045 mass%. The conclusion is obvious that BN can no longer stably exist at temperatures of around 600°C when Ti of 0.045% and some more amount is added. This indicates that no BN precipitation occurs, even when the specimen is reheated to 600°C after a heat cycle to 1400°C. Figure 11 shows the relationship between the reduction of area of tensile test at 600°C after welding heat cycle and the content of either Zr or Ti addition. It is clear that when the amount of either Zr or Ti added is low, embrittlement occurs during reheating and then decreases as the amount of these elements added rises.
Hence, it is extremely likely that the embrittlement due to reheating is caused by the reprecipitation of BN to the prior austenite grain boundary, although there is no observable precipitation and segregation, which is considered as future work.
Conclusions
The mechanism of embrittlement during tensile test at 600°C in B-bearing low-carbon alloy steel has been investigated, focusing on the influence of welding heat cycle before tensile test at 600°C, which is simulated by reheating to 1400°C followed by rapid cooling to room temperature.
The results thus obtained are as follows. (1) When as-rolled steel is reheated to 600°C followed by the application of tension, no embrittlement was observed, and there was a large reduction in area. On the other hand, when steel subjected to a heat cycle of 1400°C, which simulates a welding heat cycle, was tensioned after being reheated to 600°C, intergranular embrittlement occurred and the values of the reduction of area fell. after heat cycle (%) Fig. 11 Relationship between reduction of area of tensile-tested specimens at 600°C after welding heat cycle and content of either Zr or Ti addition.
(2) It is believed that as-rolled steel has little intergranular precipitation of BN, which resulted in a good reduction of area. This is because TiN, which precipitated in the austenite grain interior during the hot rolling, was stable despite the subsequent reheating to 600°C. (3) On the other hand, in steel reheated to 1400°C, TiN existed in the as-rolled steel was dissolved during the welding heat cycle. Subsequently, when the specimen was reheated to 600°C, the more thermodynamically stable BN precipitated on the prior austenite grain boundary in cases where the amount of added Ti was low. It is believed that this result is attributable to the segregation of B to the prior austenite grain boundary after the welding heat cycle. It is presumed that intergranular BN facilitates the formation of cavities under tensile deformation at 600°C, and these cavities thereby cause intergranular embrittlement. (4) High-temperature embrittlement behavior resulting from the existence of BN existing in the prior austenite grain boundary was avoided by adding Zr, which more readily forms nitrides than Ti, as well as by increasing the amount of Ti added. Hence, the mechanism described in (3) above was successfully verified.
